The secretion of mammalian Wnt ligands within the cell is dependent on the activity of Porcupine, a gene located on the X-chromosome that encodes for a membrane-bound O-acyl transferase. Here, we report that postnatal ablation of Porcupine in the uterine luminal epithelium alone results in the decrease in endometrial gland number. Despite having uterine glands, mutant females are completely infertile. Epithelial ablation of Porcupine causes defects in timely apposition of the lumen, along with failure to respond to artificial decidual induction. Interestingly, progesterone supplementation was able to rescue the initiation of decidualization, but the decidua was not maintained and subsequently resorbed. Transcriptome analysis demonstrated that deletion of Porcupine in the epithelium resulted in the stromal dysregulation of members of the Wnt signaling pathway (Lef1, Wnt4, and Wnt16), dysregulation of receptors and ligands in the Notch signaling pathway (Notch1, Notch4, and Dll4) as well as Hoxa10. Our results demonstrate the crucial requirement of Wnt signaling in the epithelium for fertility and demonstrate that epithelial Wnts regulate stromal Wnt gene expression as well as regulating the expression of essential signaling factors and effectors required for successful embryo implantation.
Introduction
Proper development of the adult uterus is a prerequisite for successful implantation and fertility. Embryo development, growth, and health are thus dependent on a uterine environment that is able to provide both timely support and adequate nourishment. In murine species, the postnatal completion of uterine development is marked by the establishment of endometrial glands [1, 2] . During early postnatal stages, the luminal epithelium invaginates towards the antimesometrial (AM) side of the uterus forming the endometrial glands. Progesterone supplementation during a critical postnatal window (PND3-9) results in the complete and permanent absence of uterine glands, subsequently leading to infertility of those females during adulthood [3, 4] . Interestingly, progesterone supplementation with the slightest deviation from this critical window (PND3-9) results only in a significant decrease, but not complete ablation of adult uterine glands. In fact, females with a small number of glands are fertile and can produce viable offspring [5] . This observation suggests that pregnancy establishment and maintenance requires only a small number of glands. Endometrial glands exclusively express several secreted factors and transcription factors that are essential for early embryonic development, attachment, and implantation; these include Lif, Nodal, Foxa2, and Sox9. The dysregulation or deletion of these gland-derived factors results in severe or complete sterility [6] [7] [8] [9] .
Recently, Wnt signaling has been shown to play essential roles in the coordinated and timely orchestration of events that culminate in a successful reproductive cycle [10] [11] [12] [13] [14] . These include adenogenesis, embryo-uterine cross talk, implantation, decidualization, and female reproductive tract patterning. Several members of the Wnt signaling pathway are known to be expressed in the murine uterus; Wnt7a, Wnt7b, Wnt11, Fzd6, and Fzd10 are expressed in the luminal and glandular epithelium, whereas the stroma expresses Wnt4, Wnt5a and Wnt16 [15, 16] . Wnt proteins from the different compartments have been shown to interact with each other, as single gene deletions of several WNTs within either the epithelium or the stroma have been shown to affect the expression level of WNTs within the other compartment of the uterus [17, 15, 18] . Single Wnt7a or Wnt4 conditional knockout models have demonstrated their essential role in the establishment of both postnatal and postpubertal uterine glands, respectively [17, 11] . In addition, ablation of the canonical downstream effectors, such as β-catenin (Ctnnb1) or Lef1, results in the disruption of neonatal and adult gland development [19] .
Secretion of all Wnt family members requires the same upstream secretory regulator, Porcupine. Porcupine is a membrane bound Oacyl transferase that controls the release of Wnt ligands from the Wnt-secreting cells [20] [21] [22] . Porcupine's primary known function is the palmitoylation of Wnt ligands in the endoplasmic reticulum, allowing for their recognition by Wntless and subsequent export out of the cell [23] . Interestingly, global Wnt ablation by means of Porcupine deletion within the uterus results in normal initial development of glands postnatally, but causes subsequent loss of glands during adulthood [24] . This phenotype is in sharp contrast to single Wnt gene deletions that never develop glands postnatally [17] , and revealed a more complex mechanism in which the collective activity of all uterine Wnts is required for the postpubertal maintenance of glands as opposed to initial establishment. Thus, there seems to be a complex regulatory network between different Wnts within the uterus regulating the adenogenic process.
In an effort to better understand the complex roles of Wnt signaling in uterine development and how it may affect fertility, we investigated the effects of ablating epithelial-derived Wnt proteins by conditionally deleting Porcupine in the uterine epithelium. Utilizing an estrogen-induced Cre-recombinase driven under the Lactoferrin promoter (Ltf iCre ), we were able to ablate Porcupine specifically in the luminal and glandular epithelium (Porcn Epi / ). We have previously reported the effects of a global ablation of Porcupine in uterus, including the luminal, stromal and myometrial tissues, where we observed a lack of maintenance of postpubertal glands after their initial formation during early postnatal life [24] . The results presented here, however, indicate that absence of epithelial Wnt activity results in the decrease in endometrial gland number. Interestingly, Porcn
Epi / females are infertile despite being able to form uterine glands. Infertility in these females was attributed to several defects in implantation and luminal closure, ultimately resulting in the arrest of embryo development at the blastocyst stage. We also observed dysregulation of the Tcf-Lef/β-catenin signaling pathway marking the future sites of implantation. Furthermore, we observed a lack of stromal cell differentiation and decidualization that can be overcome by progesterone supplementation. Finally, transcriptome analysis demonstrated that deletion of Porcn in the epithelium resulted in the stromal dysregulation of members of the Wnt signaling pathway as well as the dysregulation of receptors and ligands in the Notch signaling pathway in the uterus. Our results demonstrate the crucial requirement of Wnt signaling in the epithelium for fertility and demonstrate that epithelial Wnt ligands regulate stromal Wnt gene expression.
Results
Loss of Porcn activity within the luminal and glandular epithelium reduces the number of uterine glands Figure S1 ). Adult Porcn Epi / uteri appeared morphologically normal as compared to control (Porcn flox/flox ; Figure 1A ).
Histological examination of the Porcn
Epi / uteri revealed the presence of endometrial glands at 9 weeks of age. Marker analysis, using the gland-specific markers Forkhead box A2 (FOXA2) and Sex determining region Y-box 9 (SOX9), confirmed the presence of uterine glands in the Porcn Epi / ( Figure 1A and B). Interestingly, this finding is in sharp contrast to the deletion of Porcn in both the stromal and epithelial tissues using the progesterone receptor (Pgr)-Cre allele (Pgr Cre/+ ), from now on referred to as Porcn / , where endometrial glands were absent in the adult uteri [24] . Quantification of the gland number in Porcn Epi / , however, revealed that there was a significant reduction in the number of endometrial glands that form in the mutant uteri when compared to Porcn flox/flox control uteri ( Figure 1C ).
Although gland number was decreased in Porcn Epi / , the size of the glands that formed was unchanged as compared to Porcn flox/flox control uteri ( Figure 1D ). To determine if the presence of glands in Porcn Epi / uteri was either due to the later deletion of Porcn from the Ltf iCre/+ as compared to the Pgr Cre/+ (1-2 months versus 3-4 days, respectively) or due to the remaining Porcn expression in the stroma, we induced Cre expression from the Ltf promoter by injecting estrogen on postnatal day 2. Although Cre was expressed as early as postnatal day 4 as detected by EGFP activity (results not shown), endometrial glands were still present at a reduced number in the 9 week-adult uteri (Supplemental Figure S2 ). This suggests that the presence of glands is not due to the late excision of Porcn but may rather be due to the remaining stromal Porcn activity.
Porcn activity within the luminal epithelium does not affect the development of the stroma or myometrium
We have previously shown that Porcn deletion in the entire female reproductive tract results in a decrease in stromal size due to a decrease in proliferation accompanied by an increase in apoptosis [24] . We therefore examined whether a similar defect would be present in the Porcn Epi / mutant uteri. Immunofluorescence staining on both Porcn flox/flox and Porcn Epi / uteri was performed using the stromalspecific marker Vimentin and the myometrial marker smooth muscle actin (Figure 2A and C). Quantification of stromal surface area, with the exclusion of the luminal and glandular compartments, demonstrated that there was no difference in the size of the stroma in the Porcn Epi / as compared to Porcn flox/flox controls ( Figure 2B ). Figure S3 ). Further, these embryos were able to produce pups when transferred to wildtype surrogates (data not shown). These results show that infertility in Porcn Epi / females is due to a defective uterus.
In order to explain the reason for the infertility of the Porcn
Epi / females, we examined Tcf-Lef/β-catenin signaling during the implantation period since a deletion in Porcn would affect the Wnt signaling pathway. We crossed a Tcf/Lef-LacZ reporter allele into the Porcn Epi / females. On the fourth day of gestation (E3.5), Tcf/Lef signaling was restricted in activity to the AM side of the luminal epithelium at the future site of embryo implantation; the Porcn flox/flox control uterus as reported previously. In contrast, Tcf/Lef signaling in the Porcn Epi / uterus appeared to be preferential activated on the mesometrial side of the uterus ( Figure 3A ). Since activation of the Tcf/Lef signaling pathway in the luminal epithelium is due to the presence of the embryo, the inversion of Tcf/Lef signaling from the AM to the mesometrial side suggests that embryo homing to the AM side of the uterus may be disrupted.
Luminal closure plays an important role in implantation and is necessary for normal crypt formation allowing proper embryo implantation [25, 26] . At the time of implantation, the opposing sides of the luminal epithelium come in close contact with each other forming a slit-like structure with the long axis parallel to decidualization was defective in Porcn Epi / uteri, we artificially induced decidualization in Porcn flox/flox and Porcn Epi / uteri as previously described [27] . While 4 of the 5 Porcn flox/flox uteri showed a decidual response as measured by the weight ratio the induced versus the control horn, none of the Porcn Epi / uteri showed any decidual response ( Figure 4B and C). Thus, decidualization of stromal cells is impaired in the absence of porcupine activity in the epithelium. Since the process of decidualization is known to be under the primary control of progesterone (P 4 ), we supplemented Porcn Epi / females with P 4 by means of a subcutaneous plug implanted on day 3 of gestation. After a 4-day period of supplementation, we observed a partial rescue of the decidualization process in the mutant females that received the P 4 plug compared to mutant females that received a sham surgery treatment ( Figure 4D ). Decidualization was further confirmed by alkaline phosphatase activity, which is restricted to decidual cells. Alkaline phosphatase positive cells were present in P 4 -supplemented Porcn Epi / uteri but absent in sham Porcn Epi / controls ( Figure 4D ). Although the decidual response was partially rescued by P 4 supplementation, the decidua appeared to be resorptive as large amounts of blood were present in each decidua. This suggests that although P 4 supplementation may partially restore decidualization, it is not sufficient to support this process entirely during the early phase of pregnancy. The ability of P 4 supplementation to partially restore decidualization in Porcn Epi / uteri suggests a potential interaction between Porcn activity and the hormone dependent decidual response.
Ablation of epithelial Porcn results in a change of the uterine transcriptome during implantation
To better understand the cause of infertility of the Porcn Epi / females at the molecular level, we examined levels of progesterone and estrogen as well as the expression levels of their corresponding receptors by quantitative Reverse transcription-Polymerase chain reaction (RT-PCR). On day 4 of gestation, no difference was observed in the levels of both progesterone and estrogen in Porcn Epi / or Porcn flox/flox females (Supplemental Figure S4A and B). At the level of steroid receptor expression, no difference was observed in the progesterone receptor (Pgr) but a significant two-fold decrease in expression was observed for the estrogen receptor (Esr1) in Porcn Epi / uteri (Supplemental Figure S4C and D, respectively). In order to further investigate the changes in gene expression that may lead to infertility, we compared the transcriptome of Porcn Table S1 ). Interestingly, two important signaling pathways, Wnt and Notch, which have been shown to be required for successful implantation, were deregulated. We therefore confirmed the expression levels of Lef1 and the expression of the three Wnt genes expressed in the stroma, Wnt4, Wnt16, and Wnt5a by quantitative Polymerase chain reaction (qPCR) (
Figure 5B Figure 5C ). In addition to the differential expression of genes involved in Wnt and Notch signaling, several other genes known to be important for implantation were also deregulated. Interestingly, Ihh and Cxcl15 were significantly upregulated, whereas Cdh5 and Pdgf-d were downregulated in the absence of Porcn in the epithelium. We also examined the expression of candidate genes whose dysregulation could contribute to the infertility phenotype and found that HoxA10 was significantly downregulated (Figure 5D ), whereas no changes in expression were found for Lif, Hgf, Hb-Egf, Nodal, Muc1, or Msx1 (results not shown). Taken together, our results demonstrate that the absence of Porcn function in the epithelium leads to the dysregulation of the Wnt and Notch pathways as well as several genes known to be required for successful implantation. 
Discussion
Our results clearly demonstrate that Porcn activity in the uterine epithelium is essential for fertility as Porcn Epi / females are sterile.
Interestingly, both histological and marker analysis demonstrated that uterine glands are present in the adult uteri, although a decrease in their number was observed. This is in sharp contrast to our previous findings where ablation of Porcn in the entire female reproductive tract, using a progesterone receptor driven Cre-recombinase (Pgr Cre/+ ), results in the initial formation of postnatal glands that are subsequently lost during the adult life of the female [24] . Deleting Porcn activity in the epithelium would block the secretion of epithelial expressed Wnts, namely Wnt7a, Wnt7b, and Wnt11. It has been demonstrated that a deletion of Wnt7a in the female reproductive tract results in the postnatal and postpubertal disturbance of uterine gland formation [17] . These results at first glance would appear to contradict our findings. However, considering the fact that the deletion of Wnt11 in the uterus results in a significant increase in postnatal gland number [16] , there appear to be Wnts that promote adenogenesis such as Wnt7a, and others (such as Wnt11) that repress gland formation. Thus, in a single gene deletion of Wnt7a, Wnt11 may be sufficient to repress adenogenesis. In our experimental design, however, the activity of both Wnt7a and Wnt11 is eliminated. Since endometrial glands developed in the Porcn Epi / females, Wnt genes within the stroma must be able to promote adenogenesis at least to some degree. The most likely candidate is the stromal-expressed Wnt4. A conditional deletion of Wnt4 was shown to significantly reduce the endometrial gland number [11] , demonstrating that it is also implicated in adenogenesis. Deleting Porcn activity within the epithelium did not affect the development of the stroma or myometrium. We had previously shown that in Porcn / mutants, where Porcn is deleted in the entire female reproductive tract, exhibit a decrease in stromal size. This was due to a decrease in stromal proliferation, accompanied by an increase in luminal apoptosis [24] . This stromal defect could be rescued by injection of recombinant WNT5a in the luminal epithelium but not with recombinant WNT7a, demonstrating the essential requirement for Wnt5a in stromal proliferation. We have demonstrated that Wnt5a expression is unaffected in our Porcn Epi / mutants. The absence of stromal proliferation defects in Porcn Epi / mutants provides further evidence that Wnt5a activity in the stroma is needed for normal stromal development and proliferation. We cannot exclude however the involvement of Wnt4 and Wnt16 activity to this end, although no stromal defects have been reported in the single deletion of either gene [11, 16] . Although a decrease in uterine gland number was observed in the Porcn Epi / mutants, it is highly unlikely that this would result in infertility of these mice, as a small number of uterine glands has previously been reported to be sufficient to establish and maintain Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/5/688/4331396 by OUP site access user on 08 October 2018 pregnancy to term [5] . We therefore shifted our focus to the molecular basis of pregnancy establishment in order to explain the infertility phenotype observed in Porcn Epi / mutant females. The Tcf/Lef signaling pathway has been shown previously to be activated in the most antimesometrial region of the luminal epithelium prior to implantation, and that the activation of this pathway requires the presence of the embryo. It is interesting to note that activation of the Tcf/Lef signaling pathway in the Porcn Epi / uteri was detected more towards the mesometrial side and very rarely on the antimesometrial side.
Since the activation of this pathway requires the presence of the embryo, this suggests that the embryo does not properly home towards the antimesometrial side of the uterus. This also suggests that luminal epithelial Wnt regulation may be necessary for proper homing of the embryo to the antimesometrial side. In the absence of luminalepithelial Wnts, as in the Porcn Epi / mutant uteri, embryos seem to preferentially remain on the mesometrial side of the uterus. The process by which epithelial Wnts regulate this phenomenon remains unknown.
In Porcn Epi / mutant uteri, the lumen fails to properly close and form a slit-like structure along a line parallel to the uterine M-AM axis. The luminal epithelium either remained open or formed abnormal epithelial folds. Little is known about the molecular cues that govern luminal closure, but its degree of precision in both timing and orientation remains remarkable in murine species. Luminal closure defects have been reported in the mouse models with a uterine deletion of Rbpj, a transcription factor residing downstream of the Notch signaling. In Rbpj mutants, luminal closure fails to occur properly and also affects proper embryo implantation along the M-AM axis [25, 26] . We have demonstrated that in the Porcn Epi / uteri, several components of Notch signaling, including Notch1, Notch4, and Dll4, are all downregulated. Our results suggest that epithelial-expressed Wnts regulate the expression of Notch signaling family members in the uterus. Furthermore, defective Notch signaling in the Porcn Epi / uteri may contribute to the failure in proper luminal closure in these mutants. Embryo implantation in the mouse is known to induce the process of decidualization, whereby stromal cell undergo differentiation in order to support the growing embryo until the development of the placenta. We have demonstrated that in the Porcn Epi / , decidualization fails to occur and cannot be induced artificially. This is especially interesting, as epithelial expressed Wnts have not been previously linked to decidualization. Only stromal Wnt4 activity was shown to be essential for decidualization in a progesteronedependent manner [28, 11, 29] . Furthermore, Hoxa10 has also been shown to be required for decidualization by regulating stromal cell responsiveness to P 4 [30, 31] . In the Porcn Epi / uteri, Wnt4 and Hoxa10 expression was decreased, which may be responsible for the decidualization defects seen in these mutants. Interestingly, P 4 supplementation was sufficient to partially rescue the initiation of decidualization, although not sufficient to maintain the decidualization process. It is possible that P 4 supplementation may lead to an increase in the expression of P 4 target genes such as Wnt4 and/or overcome the decrease in P 4 responsiveness of the stromal cells due to a decrease in Hoxa10 expression.
In conclusion, our results shed new light on the involvement and importance of epithelial Porcupine-dependent Wnt signaling in several facets of early pregnancy. Deletion of Porcn in the epithelium of the adult mouse uterus leads to infertility due to defects in proper embryo implantation, luminal closure, and decidualization. Transcriptome analysis has demonstrated that epithelial Wnts regulate stromal Wnt4 and Wnt16 gene expression as well as members of the Notch signaling pathway. The process of establishing and maintaining pregnancy is highly dependent on timely and intricate crosstalk between the epithelial and stromal cells of the uterus as well as embryo-uterine communication. The dysregulation of epithelial Wnt target genes is a probable cause for a defective epithelial-stromal and embryo-uterine crosstalk, which ultimately results in infertility of mutant females.
Materials and methods

Generation and maintenance of Porcn
Epi / mice Table S2 .
Paraffin embedding, sectioning, and staining
Uteri were dehydrated with increasing ethanol concentrations (25%, 50%, 75%, and 100%, 20 min each) and submersed in xylenes (2 × 15 min). The tissue was placed in melted paraffin wax overnight and embedded at room temperature, and the blocks were solidified at −80 • C. Seven-micrometer sections were cut with the Leica RM2145 microtome and dried overnight. Slides were then washed in xylenes and rehydrated with a decreasing ethanol gradient (100%, 95%, 85%, 75%, 50%, and 20%, 2 min each). Sections were then either used for immunofluorescence or stained with hematoxylin and eosin (H&E). Briefly, sections were placed in Harris Modified Hematoxylin solution [Sigma] for 6 min and then washed in running tap water for 20 min. Sections were then decolorized in 1% acidic alcohol (1 s), placed in a 1% sodium bicarbonate bluing agent (3 s), before being stained with Eosin [Sigma] for 15 s. The slides were then dehydrated as previously described and mounted using paramount.
Embryo flushing and collection
Females were mated with fertile CD1 males, and the day of vaginal plug was assigned as day 0.5. Embryos were collected on day 3.5 from the uterus in order to ensure that embryo transport to the uterus was not compromised.
Immunofluorescence
Whole uteri were dissected in phosphate buffer saline (PBS) and fixed overnight at 4
• C in 4% paraformaldehyde/PBS. Samples were dehydrated with increasing ethanol concentrations (25%, 50%, 75%, and 100%, 20 min each) and submersed in xylenes (2 × 15 min).
The tissue was placed in melted paraffin wax (TissueTek) and xylenes (1:1) for 1 h at 60 
Surface area quantification
Stromal surface area was calculated by measuring the area encompassed by Vimentin or smooth muscle actin staining specific markers of the uterus. The ImageJ program was used to produce the values of the surface areas; as designated by staining encompassed regions only. Quantification of the stromal surface area excluded the uterine glands in the control uteri.
Detection of β-galactosidase activity
Uteri were collected on gestational days 3.5-3.75 from control and mutant females. Uteri were washed in PBS and fixed in 4% formaldehyde/PBS for 30 min. The uteri were subsequently washed 3 times for 15 min each in wash buffer (100 mM sodium phosphate, 2 mM MgCl 2, 0.02% Nonidet P-40, and 0.01% sodium deoxycholate, pH 7.3). β-galactosidase activity was then detected by incubating the uteri in staining solutions (1 mg/mL X-Gal, 5mM K 3 Fe(CN) 6 , and 5 mM K 4 Fe(CN) 6 ) at 37
• C overnight. The uteri were then washed fixed overnight in 4% formaldehyde/PBS at 4 • C, before wholemount photography and histological examination.
Artificial decidualization
Control or mutant females were mated with vasectomized males. On gestational day 3.5, females were sedated with isoflurane and an incision was made in the dorsal side, exposing the ovary and uterus on one side. One uterine horn was subsequently scratched with a 22G needle. The uterus was then placed back and the females were sutured and allowed to recover. On gestation day 7.5, the females were sacrificed and the uterus was dissected out in order to assess the decidualization response.
Alkaline phosphatase staining
After tissue processing, paraffin embedding and sectioning, slides were deparaffinized twice in xylene for 5 min each. Slides were then rehydrated in a series of decreasing ethanol dilutions (100%, 100%, 95%, 75%, 50%, and dH 2 O, 2 min each). Slides were preincubated overnight in 1% MgCl 2 /Tris-malate buffer (pH 9.2) at room temperature. Slides were incubated for 2 h in AP-substrate solution (NBT/BCIP) at room temperature. Slides were then washed, counter-stained with nuclear fast red and dehydrated with series of increasing dilutions. The slides were then mounted with paramount and imaged.
Microarray
The microarray was performed by collecting RNA samples from pregnant (d3.5) whole uteri, as described above. Samples were then sent to Genome Quebec for analysis, using the Affymetrix mouse Gene 2.0 ST assay.
Statistics
Figure data are presented as the mean ± SEM of independent samples. Statistical analysis comparing experimental groups was performed using a two-tailed Student t-test. Calculations were confirmed using the GraphPad software. P-values less than 0.05 were considered statistically significant.
Supplementary data
Supplementary data are available at BIOLRE online. Supplementary Figure S1 . Confirmation of Cre-recombinase expression. Immunofluorescence staining on Porcn Epi / uteri, using a GFP antibody. The Cre-recombinase has an eGFP tag that can be detected once the Cre-recombinase is expressed. Here we visualize the GFP, hence the Cre-recombinase, in the epithelium of the 6 week old mutant uterus. Supplementary Figure 
